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1602Objectives: The Cabrol procedure is characterized by insertion of an ascending aortic composite graft with
reimplantation of the coronary arteries by the interposition of a graft tube. Our purpose is to report the clinical
long-term follow-up and computed tomographic findings in patients having undergone the Cabrol procedure
and to determine blood flow in the Cabrol graft using computational fluid dynamics.
Methods: Clinical follow-up (76.6  16.6 months) and dual-source computed tomographic angiography data of
7 patients (all men, mean age 54.9  9.6 years) with 12 Cabrol grafts (left main coronary artery, n ¼ 7; right
coronary artery, n¼ 5) were reviewed. In 2 patients, the right coronary artery was directly reattached to the aortic
graft. Computational fluid dynamics were calculated using computed tomographic data of a patient with the
Cabrol procedure and compared with those in a Valsalva graft and a healthy aortic root.
Results: Computed tomography showed Cabrol graft occlusions to 1 of 7 (14%) left main and of 2 of 5 (40%)
right coronary arteries. Six grafts to the left main and 3 to the right coronary artery were fully patent, similar to the
2 directly reattached right coronary arteries to the aortic graft. Computational fluid dynamics results show similar
blood flow parameters into the coronaries for the healthy aortic root and Valsalva graft. In the Cabrol graft,
a spiraling flow pattern with low flow into the right coronary artery was found (right coronary artery ¼ 1 mL/
min at both systole and diastole).
Conclusions: Our study indicates low flow rates particularly in the right Cabrol graft correlating with a higher
incidence of occlusions of the right as compared with the left Cabrol graft at long-term follow-up. (J Thorac Car-
diovasc Surg 2010;139:1602-8)Several techniques are currently available for the surgical re-
placement of the aortic root. These procedures include a re-
placement graft for the ascending aorta and can be associated
with or without concomitant aortic valve replacement. The
replacement graft can be a straight cylindrical type or one
with Valsalva shape that more accurately mimics normal
aortic root flow for the valve and into the coronary ostium.1,2
The button technique has become the standard method of
reattachment of the coronary arteries.3 For instances in
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The Journal of Thoracic and Cardiovascular Surduring reoperative procedures or in cases in which the coro-
nary arteries are challenging to mobilize, the Cabrol proce-
dure can be used.6 In this now rarely applied procedure, an
additional smaller diameter graft (Dacron or polytetrafluoro-
ethylene) is anastomosed side to side with the ascending aor-
tic graft and end to end to the coronary attachments.
It has previously been shown that the specific technique of
coronary reimplantation (Bentall, ‘‘button,’’ or Cabrol pro-
cedure) is significantly associated with the outcomes of
aortic root replacement.5 However, while Cabrol and associ-
ates7 reported a very positive 5-year outcome in 30 patients
(20 aneurysm, 10 dissection), Gelsomino and colleagues3
advise against the use of the Cabrol procedure on the basis
of their 16-year follow-up in 45 patients (17 dissection, 10
annuloaortic ectasia, 5 atherosclerotic aneurysm, 7 bicuspid
aortic valve, and 6 previous aortic surgery). It is not known
which factors led to this disparity between the studies. Nev-
ertheless, the consensus today is that the button technique
should be used in general, whereas the Cabrol procedure
should be performed only when the former is not possi-
ble.3,8-10
In this study, we report clinical long-term follow-up data
and dual-source computed tomography (CT) imaging
findings in 7 patients having undergone the Cabrol proce-
dure. In addition, we describe blood flow patterns based ongery c June 2010
Abbreviations and Acronyms
CFD ¼ computational fluid dynamics
CT ¼ computed tomography
LAD ¼ left anterior descending coronary artery
LCX ¼ left circumflex coronary artery
RCA ¼ right coronary artery
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Scalculations of computational fluid dynamics (CFD) using
CT data sets of a patient treated with the Cabrol procedure;
we compare them with those in a Valsalva graft and a normal
healthy aortic root. Finally, on the basis of these calculations,
we provide potential factors to better understand the reported
negative outcomes of the Cabrol procedure.
METHODS
Patient Population
Between November 1980 and December 2004, 405 consecutive patients
underwent a redo procedure of replacement of the aortic valve or root and/or
composite replacement valve in our hospital. The Cabrol procedure was
used in 6.2% (25) of patients undergoing a composite ascending aorta
and aortic valve replacement. The indications for using the Cabrol proce-
dure were generally redo procedures, extensive calcification of the aneurys-
mal aorta, and low coronary ostia. From these 25 patients, 6 were lost to
follow-up and 12 died. Death was unrelated to the Cabrol procedure but
rather caused by the severe general cardiovascular morbidity of the patients.
Thus, we included 7 patients (all men, mean age 54.9  9.6 years, range
40–72 years) in our study. The study had local ethics committee approval;
written informed consent was obtained from all patients.
Cabrol Procedure
The Cabrol procedure represents a coronary connection to the aortic root
conduit that consists of inserting an 8- or 10-mm Dacron tube in an end-to-
end fashion between the 2 coronary ostia and anastomosing this tube in
a side-to-side manner on the right side of the aortic tube.6,7 This was called
by Cabrol himself a ‘‘moustache.’’ When only one coronary artery was
grafted, the procedure is called a ‘‘hemi-Cabrol.’’
Clinical Follow-up
All clinical data were obtained by retrospective review of medical
records. Postoperative follow-up information was obtained by periodic
cardiologic reports and questionnaires. Cumulative follow-up totaled
44.67 patient-years. Clinical follow-up extended to a maximum of 104
months and the mean follow-up interval was 76.6  16.6 months (median
74 months).
CT
All patients underwent imaging with a dual-source CT scanner (Soma-
tom Definition, Siemens Medical Solutions, Forchheim, Germany). Details
of scan protocol and data acquisition parameters can be found in Alkadhi
and associates.11 Electrocardiographic pulsing for radiation dose reduction
was used in all patients,12 leading to an average effective radiation dose of 7
to 9 mSv.13
CFD
Geometries. Computer models of the geometries of interest were gen-
erated by image segmentation of dual-source CT data sets of a normal aortic
root, a Valsalva graft, and of a patient having undergone the Cabrol proce-The Journal of Thoracic and Cardure. Each model included the aortic root and proximal part of the ascending
aorta, as well as proximal segments of the right (RCA), left anterior
descending (LAD), and left circumflex (LCX) coronary arteries. Two
variations of each model representing maximal flow during the systolic
and diastolic phases of the cardiac cycle were used.
For the normal aortic root under diastolic conditions, the aortic valve was
taken into account in the closed position. The valve was placed in an open
position for the systolic phase, thus partially covering the sinus of Valsalva
openings.
Models of the two anatomies altered by pseudosinus graft replacement
and the Cabrol procedure were created in a similar fashion, again including
the proximal portions of the right and left coronary arteries and also the
additional graft for the Cabrol procedure.
Boundary conditions. For a CFD study to be performed, as previ-
ously shown,14 boundary conditions, for example, prescribed values of
velocity or pressure at the inlets and outlets of the respective domain,
have to be used. Inasmuch as we are specifically concerned with comparing
the effect of changes in geometry of these procedures on the corresponding
flow, we developed the strategy described herein to allow direct comparison
of the models.
Steady boundary conditions were used at maximal flow rates of the
systolic and diastolic phases of the cardiac cycle in the normal anatomy
case. In diastole, an inlet pressure of 110 mm Hg was set at the distal end
of the ascending aortic geometry. Flow rates were specified at the 3 outlets
(LAD ¼ 67 mL/min, LCX ¼ 33 mL/min, and RCA ¼ 12 mL/min). The
pressures at the outlets were then computed and considered to be the natural
back pressure of the downstream sections of the coronary arteries and the
capillary beds in diastole. These outlet pressures were subsequently used
as the coronary artery boundary conditions for the 2 surgical models in
diastole, while the same inlet pressure as in the normal anatomy (110 mm
Hg) was applied at the distal end of the ascending aorta geometry.
An analogous procedure was used for the systolic boundary conditions.
A steady solution at maximal systolic flow in the normal anatomy geometry
was first obtained. A flow rate of 5 L/min was set at the aortic annulus. An
outlet pressure of 120 mm Hg was set at the distal end of the ascending aortic
geometry. Flow rates where then specified at the 3 outlets (LAD ¼ 33 mL/
min, LCX¼ 17 mL/min, and RCA¼ 15 mL/min). The herewith calculated
outlet pressures were subsequently used as the coronary artery outlet condi-
tions for the 2 surgical models.
CFD settings. Blood was modeled as an noncompressible Newtonian
fluid15 with a density of 1050 kg/m3 and a viscosity of 0.003 Pascal seconds.
An unstructured tetrahedral grid was generated for each model in ICEM-
CFD (ANSYS Inc, Pittsburgh, Pa). Simulations were performed in CFX
11.0 (ANSYS Inc).RESULTS
Clinical Follow-up
The clinical conditions necessitating primary heart
surgery as well as the diseases at the time of the reoperation
using the Cabrol procedure are listed in Table 1.
The clinical follow-up at the time of CT showed good
general conditions with no clinical or physical limitations
(New York Heart Association class I) in 5 of 7 (71.4%)
patients. One patient (No. 2 in the table) had bradyarrhyth-
mia, but no signs of heart failure were found. One patient
(No. 4 in the table) had fatigue and a reduction of physical
performance in everyday life (New York Heart Association
class II). In addition, the patient reported palpitations at night
and recurrent chest pain. No signs of heart failure were found
in this patient.diovascular Surgery c Volume 139, Number 6 1603
TABLE 1. Demographic data, underlying disease at the time of the Cabrol procedure, follow-up time interval, and CT findings in the 7 patients
of this study
No./age/gender
Follow-up
interval
Primary disease and
primary surgical
procedure Underlying disease Cabrol graft at CT Additional CT findings
1/42/M 7 y, 1 mo Annulo-aortic ectasia with
severe AR
AVR with homograft of the
aortic root
Degenerated homograft with
severe AR and
periprosthetic aneurysm
Left patent
Right occluded
—
2/63/M 4 y, 10 mo Severe degenerative AS
Mechanical AVR
Paravalvular regurgitation of
mechanical AV
Left graft patent
Directly attached
RCA patent*
—
3/72/M 5 y, 4 mo Infective endocarditis
Mechanical AVR
Severe AR and ascending
aortic aneurysm
Both patent Subtotally thrombosed
periprosthetic aneurysm
4/62/M 8 y, 3 mo Acute type A dissection
Mechanical AVR and
supracoronary aortic graft
Aneurysm of the sinus of
Valsalva with rupture
into the left atrium
Both patent Fully patent periprosthetic
aneurysm
5/56/M 8 y, 8 mo, Acute type A dissection
Supracoronary aortic graft
AR combined with
periprosthetic aneurysm
Left patent Right
subtotally occluded
Subtotally thrombosed
periprosthetic aneurysm
6/49/M 6 y, 2 mo Acute type A dissection
Supracoronary aortic graft
Redissection of the
aortic root
Left graft occluded
Directly attached
RCA patent*
—
7/40/M 4 y, 4 mo Progressive chronic type A
dissection with Marfan
syndrome Composite
aortic graft
Periprosthetic
aneurysm
Both patent Totally thrombosed
periprosthetic aneurysm
CT, Computed tomography; M, male; AR, aortic regurgitation; AVR, aortic valve replacement; AS, aortic stenosis; AV, aortic valve; RCA, right coronary artery. *Right coronary
artery was directly attached to the ascending aortic homograft in this patient.
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The CT imaging findings at the time of follow-up are listed
in Table 1. A representative example of an occluded right part
of the Cabrol graft is shown in Figure 1; an example of a bi-
laterally patent parts of the Cabrol graft is shown in Figure 2.
CT showed 1 occluded (to the left main coronary artery) and
1 subtotally occluded part of the Cabrol graft (to the RCA).
Six parts of the grafts to the left main coronary artery and 3
to the RCA were fully patent, similar to the 2 directly reat-
tached RCAs. One of 7 (14%) of the left and 2 of 5 (40%)
of the right parts of the Cabrol grafts were occluded.CFD
Coronary flow rates. Coronary flow rates during systole
and diastole for the surgical models were compared with
the normal anatomy. The Valsalva graft model shows a sim-
ilar overall distribution of flow through the coronary arteries
as the normal anatomy, although at lesser values (Table 2).
The Cabrol model gives similar flow rates for the LAD.
However, lower values were found for the LCX and signif-
icantly lower flow for the RCA. Importantly, no outflow ob-
struction mimicking a downstream coronary stenosis was
simulated in all 3 models.
Flow characteristics. The flow in the normal aortic root
and Valsalva graft models are visualized using streamlines1604 The Journal of Thoracic and Cardiovascular Surin Figure 3 for both systole and diastole. The flow at the
ostium of the two geometries into the coronary arteries is
remarkably smooth.
Flow into the Cabrol graft during systole shows a horizon-
tally spiraling, corkscrew-like flow at the opening of the
Cabrol graft toward the left coronary connection of the graft.
Also present is a vertically spiraling flow just distal to the
opening of the Cabrol graft toward the connection to the
RCA (Figure 4).
A close-up view of the streamlines for the Cabrol graft
connection to the native RCA shows that the flow must di-
vert approximately 90 from the inferior end of the Cabrol
graft to make its way into the coronary artery.DISCUSSION
The Cabrol procedure provides an accurate, tension-free
anastomosis of the native coronary arteries to the Dacron graft
that prevents formation of pseudoaneurysms at the coronary
ostia.16 However, it carries the risk for various late complica-
tions such as kinking of the Cabrol graft, angulation with
occlusion at the coronary artery ostia, and—most impor-
tant—graft occlusion owing to thrombosis or stenosis.6,9,16
Therefore, some authors propose its use only in rare
instances.6 Most of the ischemic complications related to
the Cabrol procedure described in the literature occurredgery c June 2010
FIGURE 1. Dual-source computed tomographic angiogram in a 42-year-
old man performed 7 years, 1 month after the Cabrol procedure.
Transverse thin maximum-intensity projection (A) and volume-rendered
images (B) demonstrate a patent Cabrol graft to the left main artery
(arrows) and an occluded Cabrol graft to the right coronary artery
(arrowheads).
FIGURE 2. Dual-source computed tomographic angiogram in a 40-year-
old man performed 4 years, 4 months after the Cabrol procedure. Transverse
thin maximum-intensity projection (A) and volume-rendered images (B)
demonstrate a patent Cabrol graft to the left main (white arrows) and right
coronary artery (arrowheads), as well as the completely thrombosed peri-
prosthetic aneurysm.
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due to either thrombosis or stenosis of the Cabrol graft6,7
at the anastomosis site with the native coronary arteries.
Certainly, the efficacy of the Cabrol procedure is also related
to technical aspects of the anastomoses. On the other hand,
in our patient cohort, we found no pseudoaneurysms at theThe Journal of Thoracic and Carcoronary ostia anastomoses; however, 1 of 7 of the left
and 2 of 5 of the right parts of the Cabrol grafts were oc-
cluded.
Sufficient flow into the coronary arteries is important for
coronary patency and overall cardiac function. The normal
aortic root has evolved to provide efficient flow into thediovascular Surgery c Volume 139, Number 6 1605
TABLE 2. Data for the coronary flow for each of the 3 models
(ascending aorta, Valsalva graft, and Cabrol procedure) for systole
and diastole
Systolic coronary flow (mL/min)
LAD LCX RCA Total
Ascending aorta 33 17 15 65
Valsalva graft 24 16 15 55
Cabrol graft 25 10 1 36
Diastolic coronary flow (mL/min)
LAD LCX RCA Total
Ascending aorta 67 33 12 112
Valsalva graft 58 32 8 98
Cabrol graft 78 30 1 109
Percentage of total coronary flow
Systolic Diastolic
Ascending aorta 37 63
Valsalva graft 36 64
Cabrol graft 25 75
LAD, Left anterior descending coronary artery; LCX, left circumflex coronary artery;
RCA, right coronary artery.
FIGURE 3. Streamlines of flow for the normal aortic root (A) and Valsalva
graft (B) in diastole show similar patterns.
Evolving Technology/Basic Science Knight et al
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firm this, while also showing that the Valsalva graft has
similar flow characteristics. In both cases, the curved
pouchlike structure of the native sinuses of Valsalva (nor-
mal aortic root) and the Valsalva graft, respectively, act
in such a manner as to more efficiently channel flow to
the cardiac tissue.
This contrasts with the Cabrol model, wherein two
specific patterns of the flow are of particular interest: (1)
flow into the native RCA from the Cabrol graft and (2) the
spiraling flow formations in the Cabrol graft. The abrupt
narrowing of the Cabrol graft part as it connects to the
RCA has a considerable impact on the resulting flow into
the RCA. Although the Cabrol model in this study is only
a representation of a single patient having undergone
a Cabrol procedure, results found in the CFD study, and in
particular the low flow rates through the RCA, could par-
tially explain the clinical findings in this (cases 1 and 5)
and other studies17 showing occlusion of the right portion
of Cabrol grafts.
A unique flow pattern is found in the Cabrol graft itself,
especially during systole. The horizontally spiraling flow
is produced by the rapid ejection of blood from the heart
and past the Cabrol graft. The vertically spiraling flow on
the RCA connection side of the Cabrol graft can be
accounted for by an attempt of the fluid to equalize
the forces (momentum) associated with the flow.
These peculiar flows also likely contribute to negative out-
comes of the Cabrol graft, as shown by the higher rate of
RCA closure found in the clinical follow-up of our patients.1606 The Journal of Thoracic and Cardiovascular SurClinical Relevance
Although the Cabrol procedure was widely used in
the 2 decades subsequent to its development, Patel and
associates18 state that ‘‘the Cabrol procedure is now forgot-
ten by most surgeons and almost unknown by cardiolo-
gists.’’ With the known long-term issues of the Cabrol
procedure, it is of utmost importance that those who become
responsible for follow-up of these patients have knowledge
of the particulars of the procedure, similar to other reopera-
tive techniques of the aortic root.19,20 There have already
been several reported cases of successful follow-up treat-
ments of Cabrol patients made with percutaneous,19,20
surgical,18 as well as combined surgical/endovascular treat-
ments,21 and these types of interventions are likely to be-
come more common as the patients with previous Cabrol
procedures age.
Despite the limited use of the Cabrol procedure, a tech-
nique to reattach the coronary arteries during ascending aor-
tic replacement when the button technique is not feasible is
still needed. On the basis of the higher rate of occlusions of
the RCA and the unique flow into the Cabrol graft, together
with a patent RCA of all directly attached coronary arteries,gery c June 2010
FIGURE 4. Streamlines in the Cabrol model showing spiraling flow in
both the horizontal and vertical directions in the Cabrol graft (A) and
flow into the right coronary artery (B).
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feasible. These preliminary data warrant further investiga-
tion.
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This study is limited in the analysis of only 7 patients for
long-term clinical follow-up being operated on with the
Cabrol procedure. However, this procedure was rarely
performed, and considering the severe morbidity and age
of those patients, it is hard to obtain a larger patient cohort
for follow-up. The results from the CFD study are limited
in the fact that the geometry used was from a single, repre-
sentative Cabrol procedure.The Journal of Thoracic and CarCONCLUSIONS
Our study provides long-term clinical and CT imaging
data and demonstrates, for the first time, hemodynamic fea-
tures of blood flow within the Cabrol graft. Our results from
CFD analysis indicate a low and nonlaminar flow particu-
larly into the right Cabrol graft correlating well with a higher
rate of graft occlusions when compared with the left Cabrol
graft side.References
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